Abstract. The management of inoperable lung cancer remains a challenge. It has been proven that computed tomography (CT)-guided iodine-125 ( 125 I) seed implantation is a safe and efficient method for treating lung cancer. Computed tomographic fluoroscopy (CTF) is superior to traditional CT for percutaneous management of lung lesions, due to the real-time guidance and accurate localization of the lesions. The aim of the present prospective study was to evaluate the feasibility, safety and efficacy of CTF-guided percutaneous permanent implantation of 125 I seeds for the treatment of selected patients with inoperable stage T1-3N0M0 non-small-cell lung cancer (NSCLC). A total of 24 patients with resectable but inoperable stage T1-3N0 NSCLC, with a total of 28 lesions, underwent CTF-guided percutaneous implantation of radioactive 125 I seeds. A prescription dose of 100-120 Gy was delivered to each lesion. The complications and local tumor control rates were documented. Survival was estimated using the Kaplan-Meier method. All the patients successfully completed the procedure, with a mean procedure duration of 45.7 min (range, 30-75 min). No severe complications occurred. Small asymptomatic pneumothorax with lung volume compression of <10% and minor hemorrhage along the needle track without hemoptysis occurred immediately after the procedure in 3 (12.5%) and 4 (16.7%) of the 24 patients, respectively. At a median follow-up of 31.5 months (range, 8-46 months), the local control rate (LCR) of the lesions was 78.6% (22/28). The 1-, 2-and 3-year overall survival rate was 95.8, 78 and 55%, respectively. In conclusion, CTF is the favourable imaging guidance method for the percutaneous implantation of 125 I seeds. CTF-guided brachytherapy with implantation of 125 I seeds is a safe, feasible and effective modality for the treatment of inoperable early-stage NSCLC and may be considered an alternative option in selected patients with medically inoperable NSCLC.
Introduction
Primary lung cancer is the leading cause of mortality among the oncologic patient population. Approximately 1.5 million new cases are diagnosed annually worldwide (1) . Despite the advances in early detection, accurate staging and treatment, the survival rate of lung cancer patients has not significantly improved over the past 30 years, with an average 5-year survival rate of ~15% (1, 2) . Surgery remains the main curative selection for patients with early-stage non-small-cell lung cancer (NSCLC). However, not all patients with resectable tumors are suitable candidates for surgery, due to certain contraindications. Radiotherapy (RT) and̸or chemotherapy are commonly used for patients who are not considered surgical candidates. However, these modalities are not usually curative and are almost always accompanied by various toxic complications. Thus, there is a need for effective alternatives to surgery in patients with medically inoperable early-stage lung cancer.
Intraoperative brachytherapy with radioactive iodine-125 ( 125 I) seed implantation has been proven to be an effective therapeutic modality and an alternative to external beam radiation therapy (EBRT) for patients with lung cancer (3) (4) (5) (6) . However, intraoperative 125 I seed implantation requires an open-chest approach, which may result in more prolonged hospitalization and a significant economic burden for the patients.
Computed tomography (CT)-guided percutaneous delivery of 125 I seeds for brachytherapy of malignant lung tumors has already been performed (7) . However, the conventional CT guidance exhibits certain disadvantages, such as the lack of real-time visualization, prolonged procedure time and a high incidence of complications. In the present study, we assessed the advantages of the combined use of computed tomographic fluoroscopy (CTF) guidance with transthoracic 125 I brachytherapy for the treatment of selected patients with early-stage NSCLC.
Materials and methods
Patient information. Between January, 2006 and March, 2011, 24 patients with a total of 28 primary lung cancer lesions were enrolled in this prospective study. All the patients were histopathologically diagnosed by bronchoscopy and/or transthoracic needle biopsy (TNB) and staged according to the American Joint Committee for Cancer Staging manual (7th edition). The inclusion criteria were: i) patients with stage T1-3N0M0 NSCLC not considered appropriate for resection due to high-risk factors, such as poor heart and̸or lung function; ii) patients with resectable lung cancer who refused surgical treatment and; iii) long diameter of the lesion of <8 cm. The patient characteristics are presented in Table I . The protocol for the present study was approved by our Institutional Review Board. The patients were informed about the potential risks, benefits and complications of the procedure and written consent was provided on the day prior to the treatment.
Instruments and implant treatment planning.
A multidetector CT scanner with an 85-cm gantry bore (Brilliance CT-Big Bore Oncology, Philips Medical Systems (Cleveland), Inc., Cleveland, OH, USA) was used to guide the 125 I seed implantation. A monitor for monitoring the procedure and a foot pedal for operating the CTF were available within the scanner room.
The 125 I seeds (registered no., H20041350) were purchased from Shanghai GMS Pharmaceutical Co., Ltd. (Shanghai, China) and approved by the United States Food and Drug Administration. The 125 I isotope was absorbed in minute silver rods and furnished in 4.5x0.8-mm cylindrical titanium capsules welded by laser at both ends. The pre-planned 125 I seeds were housed into the cartridge chamber of an implantation gun that provided complete shielding and were sterilized with autoclaving prior to use.
The pre-implant dosimetric planning was performed using the Seed Interstitial Radiotherapy Planning System (SIRPS, KeLinZhong Medical Technique Institute, Beijing, China). The prescription dose was defined as a minimal peripheral dose of 100-120 Gy. A CT scan spanning the entire lung with a 5-mm slice thickness was performed in all the patients 1-2 weeks prior to the seed implantation. The continuous axial images were transferred to the Treatment Planning System (TPS). The planning target volume, defined as the gross tumour volume (GTV) with a 0.5-1-cm safety margin, was outlined on each axial image. The prescribed D90 (the dose delivered to 90% of the target volume) was calculated through the TPS. Postoperative dosimetric verification was routinely performed for all the patients. A chest CT scan with the same parameters as those of pre-operation one was obtained immediately after the seed implantation. The axial CT images were transferred to the TPS. Based on the recommendations of the American Brachytherapy Society (ABS) (8) , the D90 dose, the isodose curves for each slice and the dose-volume histograms (DVH) of the target were generated on the TPS.
Implant technique protocol.
The patients were placed on the CT table in a comfortable position that facilitated the pre-planned access route. A sequential axial CT scan of the region of interest was performed with a slice thickness of 5 mm. The access path of the puncture needle was assessed on the axial images combined with the pre-implant plan. Under local anesthesia, the 18-G implantation needles (Hakko Medical Co., Ltd, Nagano-ken, Japan) were inserted through the intercostal space closely below the ribs at the end of a soft expiration phase and were then advanced into the lesion under CTF guidance. During the entire procedure, the patients were instructed to maintain gentle breathing. Four frames of contiguous, cross-sectional fluoroscopic images with a slice thinkness of 3 or 6 mm were generated as the foot pedal was pressed. The 125 I seeds were subsequently deposited while withdrawing the needle from the distal to the proximal portion of each lesion at 0.5-1-cm intervals.
After the procedure, a CT scan of the entire chest was obtained to confirm the seed distribution and exclude any procedure-related complications. The procedure time was defined as the duration from the initiation of the CT scan for the localization of lesion to the successful implantation of all the 125 I seeds. Technical success was defined as the pre-operatively planned 125 I seeds being implanted in the appropriate area within the tumor based on the pre-treatment plan formulated with the TPS. After the procedure, the patients were instructed to maintain bed rest for 6 h, lying on the puncture site, with routine monitoring of the vital signs. The values in parentheses are the number of lesions unless otherwise specified. CTF, computed tomography fluoroscopy; T1, tumor ≤3 cm in greatest dimension, surrounded by lung or visceral pleura; T2, tumor >3 but ≤7 cm, or any of the following: >2 cm distal to the carina or invasion of the visceral pleura; T3, tumor >7 cm, or direct invasion of the parietal pleural or the chest wall, or tumor located in the main bronchus <2 cm distal to the carina but without involvement of the carina.
Follow-up assessment and response criteria. At post-procedure day 1, a chest radiograph was routinely performed to identify possible complications. A CT scan was performed when pneumothorax, hemorrhage or other complication was suspected. Patients were followed up with physical examinations and thoracic CT scans at 2, 4 and 6 months post-125 I seed implantation. The follow-up period was prolonged by 3-6 months if there was no evidence of disease progression after the first 6 months post-procedure. CT images were simultaneously reviewed by all the interventional radiologists involved in this study and a consensus was obtained for each session of the examination. The longest diameter of the lesion was measured with calipers on the CT workstation.
The response criteria were based on the measurement of the longest diameter of all the target lesions and were classified as follows: i) complete response (CR), disappearance of the target lesion; ii) partial response (PR), ≥30% decrease in the longest diameter of the target lesion; iii) progressive disease (PD), ≥20% increase in the longest diameter of the target lesion; and iv) stable disease (SD), neither sufficient shrinkage of the lesion to qualify for PR nor sufficient increase to qualify for PD (9) . The local tumor control rates were defined as the percentage of the sum of CR, PR and SD of all the target lesions. Local control failure was determined by PD. Cancer-related death was defined as the endpoint.
Statistical analysis. The local tumor control rates, local control failure rates and complications were documented at the end of the present study. The statistical analyses were performed with SPSS 19.0 statistical software (SPSS Inc., Chicago, IL, USA). The Kaplan-Meier method was used to estimate survival curves.
Results

Technical outcomes.
All the patients successfully completed the CTF-guided 125 I seed implantation, with a mean procedure time of 45.7 min (range, 30-75 min). The radioactivity of the 125 I seeds was 0.7 mCi. All the required seeds were deposited in the corresponding areas based on the pre-planned dosimetry. The median number of needle tracks was 14 (range, 6-53) and the median number of implanted 125 I seeds was 30 (range, 10-100). The post-treatment dosimetric measurement demonstrated that the actual D90 ranged from 69 to 132 Gy (median, 107 Gy) and the median follow-up time was 31.5 months (range, 8-46 months).
Local control rate (LCR).
At the end of follow-up period, the number of the target lesions exhibiting CR, PR and SD was 8, 10 and 4, respectively. Thus, the tumor LCR was 78.6% (22/28) ( Figs. 1 and 2 ). Local control failure (or PD) occurred in 6 lesions (21.6%, 6/28), demonstrated as either lesion progression after treatment or local recurrence during the follow-up period. Distant metastases were confirmed in 3 patients.
Survival outcomes. The overall 1-, 2-and 3-year survival rate was 95.8, 78 and 55%, respectively. The median survival time was 38 months (range, 8-46 months) (Fig. 3) . At the end of the follow-up period, 19 patients had died, whereas 3 patients were lost to follow-up and 2 patients remained alive. Of the 19 deceased patients, 14 succumbed to cancer-related causes, including local recurrence and metastasis, whereas 5 patients succumbed to other diseases.
Complications.
No severe complications occurred during the follow-up period. Of the 24 treated patients, 3 (12.5%) experienced asymptomatic pneumothorax with a lung volume compression of <10% and 4 (16.7%) developed mild hemorrhage along the needle tracks after the procedure, without hemoptysis. The pneumothorax and hemorrhage were treated conservatively and resolved within 1 week. The post-procedure chest CT revealed no significant radiation pneumonitis, whereas regional emphysema was identified in the location of the brachytherapy seeds in 2 patients, which required no further treatment. No seed migration was observed.
Discussion
Lung cancer remains one of the leading causes of mortality worldwide. Although surgery remains the gold standard for the treatment of early-stage NSCLC, a significant proportion of patients with otherwise resectable lung cancer may exhibit other comorbidities, precluding surgical resection. In patients with medically inoperable early-stage lung cancer, conventional chemotherapy and/or EBRT is commonly the treatment choice. However, despite aggressive multiple-drug regimens and the addition of radiation treatment, survival remains poor without surgery and recurrence is the rule, regardless of the initial treatment selection. Radiofrequency ablation (RFA), a commonly used thermal ablation technique and stereotactic body radiation therapy (SBRT) are emerging treatment modalities. These methods have been applied in high-risk patients with early-stage lung cancer. However, although these modalities have recently attracted attention due to their promising results (10), they have certain limitations.
The successful treatment of hepatic tumors using RFA has resulted in this method being used for other solid tumors, such as lung cancer. However, regarding lung cancer, available data on the histomorphological effects of this method are limited. Although RFA may generally be considered as an effective alternative to surgical resection for the treatment of stage Ⅰ NSCLC, it remains controversial. Early immunohistochemical findings following RFA revealed complete tumor cell necrosis in only 38% of the cases (11) . The high proportion of remaining viable tumor cells following ablation casts doubt on RFA as a curative concept. This approach may be considered with extreme caution as a palliative treatment option for lung cancer (11) . In addition, RFA is not suitable for lung tumors that are >3 cm in diameter or centrally located (12) (13) (14) .
SBRT employs external fixation and hypofractionation to deliver a high dose per fraction of radiation to a small target volume. Therefore, it appears to be a valid alternative to conventional 3D-CRT, with high rates of local control and promising survival rates according to recent reported series (15) (16) (17) (18) . Local failure was associated with tumor size, target definition and central or pleural proximity (15) . The most appropriate tumor size for SBRT was considered to be ~2-3 cm. When the GTV was >65 cm 3 , SBRT was ineffective (16) . Although a higher biological equivalent dose (BED) may result in improved LCR, the optimal BED range for SBRT was 83.2-146 Gy for stage I NSCLC, due to the toxicity associated with higher doses (17) . Even within this dose range, however, different types and rates of toxicity have been reported. A 39.9% rate of adverse effects and 10% of grade 3-4 toxicity according to the Radiation Therapy Oncology Group (RTOG) were reported by Baumann et al (15) . It was previously reported that toxicity may be associated with tumor location. Grade 3-5 toxicity was observed in 10.4 and 27.3% of patients with peripheral and central lung tumors, respectively (18) . Acute ≥grade 2 pulmonary toxicity developed in 6.5% and symptomatic pneumonia in 10% of the patients after a median interval of 5 months (19) . Furthermore, SBRT may be associated with significant skin toxicity. Hoppe et al reported that, after a minimum of 3 months of follow-up, 38% of the patients developed grade 1, 8% grade 2, 4% grade 3 and 2% grade 4 acute skin toxicity (20) . Additional side effects, such as fatigue, dyspnea/cough or transient thoracic pain were recorded in approximately 10% of the patients (21) .
Iodine-125 ( 125 I) is a commonly used radionuclide with a half-life of approximately 60 days, emitting gamma-rays with a maximum energy of 35 keV. Intraoperative brachytherapy is an effective therapeutic modality for patients for whom surgical resection is contraindicated (3,4) . The primary aim of radiation therapy is the eradication of the tumor without damage to healthy tissue and adjacent organs. Intraoperative 125 I seed implantation is able to deliver a higher radiation dose to the tumor and a lower radiation dose to the surrounding healthy tissues compared to EBRT. Intraoperative implantation of 125 I seeds has been used for the treatment of lung cancer, either as an alternative to or in combination with surgical resection. The implantation techniques and purposes may vary according to different studies. Previous studies reported that a vicryl mesh containing 125 I seeds may be inserted over the tumor bed or the resection margins following video-assisted thoracoscopic resection (VATR) for early-stage NSCLC deemed unsuitable for conventional surgery due to high risk (3, 4) , whereas others reported that 125 I seeds were implanted along the resection margin following limited resection in NSCLC patients who were not considered candidates for lobectomy or pneumonectomy (5) . It was demonstrated that intraoperative 125 I seed brachytherapy for early-stage NSCLC patients resulted in improved LCR, decreased local recurrence and prolonged survival (3) (4) (5) 22) . However, intraoperative 125 I seed implantation exhibits two disadvantages. First, it lacks the standard pre-implantation treatment plan indicating the number, location, dose and activity of the seeds, which is critical for successful brachytherapy. Second, it is an invasive procedure, involving open-chest surgery, even with the VATR approach.
CT-guided TNB is currently an established technique for diagnostic evaluation of pulmonary nodules. The advent of CT fluoroscopy has rendered TNB more facile. It allows near real-time monitoring of the placement of the TNB needles and thereby significantly shortens the duration of the TNB procedure (23) . Therefore, CTF may facilitate the percutaneous implantation of 125 I seeds for the treatment of lung cancer. Until recently, the percutaneous delivery of 125 I seeds for brachytherapy of malignant lung tumors was performed mainly under conventional CT guidance (7) . The disadvantages of conventional CT-guided 125 I seed implantation include lack of real-time visualization, a high incidence of complications (such as pneumothorax) and prolonged patient discomfort due to the longer duration of the procedure (1-2 h).
In the present study, we attempted to combine the advanced CTF-guidance technique and percutaneous brachytherapy with 125 I seed implantation for the treatment of lung cancer, which achieved near real-time visualization and accurate localization of the accessed needles and implanted seeds. The results of our study demonstrated that the mean duration of the procedure was 45.7 minutes, which was significantly shorter compared to that under conventional CT-guidance. The incidence of procedure-related complications was also markedly reduced. It was previously demonstrated that the most common complications of conventional CT-guided biopsy and 125 I seed implantation included pneumothorax and hemorrhage in 12.5-31 and 9.2-46.9% of the treated patients, respectively (7). In our study, small asymptomatic pneumothorax developed in 3 patients (12.5%) and mild, self-limited hemorrhage along the needle tracks in 4 patients (16.7%), without hemoptysis. These complications spontaneously resolved within 1 week after the intervention, without requiring special management. Under CTF-guidance, the inserted needle may be observed as it advances. The near real-time monitoring by CTF may help the operators avoid the puncture of bullae, interlobar fissures and vessels, decrease the number of pleural punctures, shorten the duration of the procedure and, thereby, reduce the incidence of pneumothorax and hemorrhage. Therefore, percutaneous 125 I seed implantation may be performed more conveniently, efficiently and safely under CTF-guidance. Additionally, radioactive complications, such as lung fibrosis, loss of pulmonary function and cardiac toxicity, which are common following EBRT (24, 25) , have not been reported following intraoperative 125 I brachytherapy.
Although 125 I seed implantation has been applied for the treatment of lung cancer for more than two decades, the number of studies pertaining to long-term results is limited. To the best of our knowledge, there are no available studies on the treatment of early-stage NSCLC with CTF-guided 125 I seed implantation with a curative intent. Zhang et al (7) reported the results of CT-guided radioactive 125 I seed implantation in the treatment of localized advanced pulmonary carcinoma.
The results of that study demonstrated that the LCR was 78.1% at 2 months of follow-up, with a 1-year survival rate of 65.0%, which were significantly higher compared to that of the control group treated by chemotherapy. Optimal outcomes for early-stage NSCLC have been achieved with SBRT thus far, with a 3-year LCR of 40-89% and a 3-year overall survival (OS) of 42.7-57.1% (16, 19, 22) . In the present study, the lesion LCR was 78.6% at the end of a median follow-up period of 31.5 months and the 1-, 2-and 3-year OS for stage T1-3N0 NSCLC was 95.8, 78 and 55%, respectively. In addition, we prescribed a radiation dose of 100-120 Gy, which was higher compared to that of conventional EBRT. That dose contributed to the satisfactory local lesion control, without any evidence of radiation damage to the surrounding healthy tissues and organs during the follow-up period.
In conclusion, the present study demonstrated that CTF is able to provide real-time guidance for percutaneous implantation of high-dose 125 I seeds within the lung tumor. CTF-guided percutaneous implantation of 125 I seeds appears to be a feasible, safe and effective modality for the treatment of inoperable early-stage NSCLC. However, our study had certain limitations and further studies, including larger patient samples and longer follow-up periods are required.
